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SUMMARP 

An investigation.of the dynanica of a turbine-propeller engine 
was made in the NACA Lewis  altitude wTnd tunnel amploying the 
frequency-respmse technique for a range of pressure altitudes from 
10,000 to 30,000 feet. 

The  investigation  showed that the aynamic  responses generalfpd 
for  pressure  a&tltude  over  the  range of frequencies  Investigated. 
Further, the dynamic-respmse characteristics  at any altitude  could 
be predicted from steadp-etBte-perfonmnce  characteristics at one 
altitude. 

A single r e  yielded the dynamfc response of the engine- 
propeller combination and of the  propeller alone. Ffrm these 
reeponses  the  dynamic response of the engine. slope-was spthesieed. 

The generalized  time constants were found to  be approxbmtely 
1.0 second for the  engine-propeller  caolbbation, 0.36 seomd for 
the propeller  alone, and 2.4 s e o d e  for the engine alone. 

Accurate howledge of the dynamic-response  characteristics of 
gas-turbine-propeller engLnes and the  factors  that  affect  these 
characteristics rn of great  importance in ths  .design of quick- 
acting,  stable controls for thfs t ~ e  engine. The term "dynamic 
response" refera to the manner in which the engfne adJusts itself 
to  changes in its  independent  variables and to  the  rapidity of 
these  adjustments. 

A theoretical  analysis  (reference 1) has related t h e  dynanic 
response  of  the  engine-propeller  combination  to  the steadpatate- 
performance chazacteristics and to.the polar moment  of inertia of 
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the  system. The analysis is.eXtended herein to  include a methd of 
determining the  dynamic  response of. the  engine alone and of the 
propeller  alone.  Effects  of  altitude on the  dynamic  response are 
also  indicated  by theory (references 2 and 31, which af'f'ords a mean6 
of predicting  the  dynamic responee at altitude from sea-level data. 

In order to o b t a h  experimental  verificatim of these analyses, 
the steady-state-performance  characteristics and the speed response 
of a turbine-propeller.engine and its  ccnnponants to slnueoldally 
vexying f u e l  flaws over a range of. pressure altj.tude8 f'rom.lO,OOO to 
30,000 feet  were  investigated in the NACA Lewis altitude wind tunnel 
and are presented herein: -A second purpose of t h e  inmetigation ia 
to  denanstrate  the  process by which a third  characteristic can be 
obtained by  synthesis 19 any two of the  dynamic  characteristics 
(that of the engine alone, of the propeller alone, or of  the e-ine- 
propeller oombfnatim) are  hm. 

ANALYSIS 

The behavior of the  engine In progressing from m e  steadpetate 
condition to another  is  described by the  dynamic response of the 
engine, One of the moat  canvenfent ways of meaaurlng dynamic 
resprmm is  by  displacing the engine from its  eteady-state  operation 
through  tho  introduction 0f.a specific  disturbance  into one of t he  
independent  variables; The applied  diaturbance  instigates  changes 
in  the values of' the engine dependent miables, and if certain of 
them variables are measured.and  &nalyzed.the dynamic response of 
the engine c m  be determined. If the en@;Fne is a linear eystem, ebny 
type of applied  disturbance  should  give  the 882118 dgnamic  response. 

ForcFng  Function 

Several techniques involvhg dWerent disturbing  functians 
and different analyses haw been used tn dynamic-rer3ponse  determina- 
tiaus. The etep functim bEbs been found to be applicable in hves- 
tigations involving--radio, telephone d television amplifiers, and 
telephone  transraiseion l ime. Thie  method  has  the advantages, 
especially in electrical. work, of requiring very shple'  equipment 
to prduce t h e  forchg function and of requiring a minimum.  of tine 
f o r  the actual executim of the t e s t .  Qualitative results can be 
obtained  without  the,application of extensive  mathenatice,  but 
quantitative  data,  if the-spetem has several energy atorage units, 
require involved calculatims  o?..mechmical computers. 
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In mechanical or  hydraulic  systems, it is  difficult to realize 
a true step  input. In a previous  unpublished  investigation of a 
turbine-propeller  engine,  however, inpu%s in both  blade angle and 
Axel flaw, which  approximated a step  change, yielded satisfactory 
dwamic-characteristfo  data, d t h  the help of a mechanical analyzer. 

For the  investigation  described  herein,  the sbueoidal fo ro ing  
function  at  several frequencies'ws u s d .  The shusoidal technique 
has the following advantages:. First,  because a sine wave passes 
through a linear system undlstorted, the wave a p e  of all the 
engine  variables  is sinusoidal; accordingly, any campanent of the 
system can be analp& by  consfdering  the vazia-t;ion of one variable 
as an input  function and the  variation of same other  variable as an 
output.  Second,  the  mathematics  involved in determhfng the dynamics 
of a system from frequency-response data &e very  elementary. 

The use of the sinusoidal  technique  to determine the dynamics 
of a system has the  disadvantage that a large  quantity of data must 
be taken. Obtaining the data and translating  it into a usable and 
analpable form is time-consuming and laborious.  Furthermore, a 
cmplete description of the  system  dynamics  requires a Imawledge 
of both  the  amplitude respmae and the  phase  diljplacement as a 
finction of the fkequency of the  applied sinusoidal forcing 
function. 

The analysis presented in this rep& is based on the f o l l h n g  
assumptions: At constant  .altitude and ram, 

(1) Engine'torque for mall excursions from the steady-state 
point  is, a linear  function of fuel flaw and speed, or  

Qe = Qe (Wf,N) 

(Definitions of the symbols wed herein are given in appendix A. ) 

(2) Prope l l e r  torque f o r  mall. excursions from the steady-state 
point is a llnear f unctfon of blade angle and speed, or 

Qp = Qrp ( B , N  ' (B2 1 

(3) The only energy-storage units are the  engine and propeller 
ineEtias. 
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3Yom the faregoing assumptigna and the. mathematical  .develop- 
ment in appendix B, it follows that the response of engine speed 
t o  a change in e i ther   fue l  flow or  shaft torque is that of a first- 
order lag system. 

For constant  engine fuel 
producing the change i n  shaft 
t o  shaft torque is  given by 

flow with a variation i n  blade angle 
torque, the response of engine speed 

Regardless of the type of eqerlmental technique used, dynamic 
response for a system defined by ari equation sFmilar t o  equation (B8) 
o m  be described by a charachr i s t io  parameter, the time constant 
of the system. The time canetant msy be variously described as the 
time required for the response t o  reach 0.63 of i ts  final value 
w i t h  a step  functipn imposed on the systam, the reciprocal of the 
frequency at which the response falls t o  0.707 of its zero-frequency 
value with a sinusoidal variation  applied  to  the system, or  the 
reoiprocal of the-frequency at which the phaee angle between the 
sinusoidal  forcing functicm and the  respanse I s  45O (corner  or break 
frequency). The synonymity of these  definitions for the  time can- 
s t a t  hets been frequently  indiuated in the literature (references 5 
snd 6). 

The time  constant in  the reepmse given by equation (B8) i s  

The quantities an the right-hand eide of equations (B8) and (BS) 
are oonoerned only Wth  the engfne. The dpamic respaam and the 
time constant for   the engine  ‘alone are similar t o  those f o r  a 
turbojet engine  (reference 3) . 
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When the  blade angle is held  constant and a varying Are1 flow 
is applied t o  the  engine,  the engine produces a vazying shaft  torque. 
The d m i c  responae of propeller speed t o  B h q t  torque is then a 
function of the propeller alone. The response is given by 

The associated t h e  conetant i s  

Further, equatiun  (B15).shaus how the e-e and propeller character- 
i s t i c s  combine t o  give the engine-propeller characterist ic (speed - 
fuel-flow response). . I f  ei ther  the engine or the  propeller is u e d  
in a different  canbination, that part of the d m c  response of the, 
new ccanblnatim  contributed by the  origlnal engine or propeller will 
be  unchanged. 

The rssponee of the engine, the  propeller, or the engine- 
propeller combination may be determined if any two of the dynamio 
characterist ics  are knm (appendix B).  A synthesized dyaamio 
respanse for the engine may be oomputed f r o m  the eqmtion 
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and the  synthesized time constant is 

Equations (B8), (B9), (B12), (Bl3)  (B15) , (B16), (11, a n d .  (B28) 
may be presented in generalized form by multiplying each variable 
by the  appropriate  correctIan  factor as shown in appcndix B. 

For example, the time constant .for the englne aa defined by 
equation (B9) beC0mef3 

i n  which the  quantity on the left  1s referred to BE the  "corrected 
time canatant" and Wf, torr is the  corrected fuel flow. 

It should be noted that the corrected tims and corrected 
frequency just  described are useful in describbg the responses 
of systems involving only aerpdynamic and'inertia  forcee. 
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me turbine-propeller engine ~ ~ v e s t i g a t a ~  was -tall& in a 
wing supported in the 20-foot-diameter tes t  section of' the  MCA 
Lewis a l t i tude  wind tunnel (fig. 1) where' it w a s  possible to subJect 
the engine to simulated  canditians of altitude  pressure,  temperature, 
and flight speed. " . .  ! 

The engine has a nominal rating of 3670 sh8f't-horsepower and 
1150 pounds of Jet thrust  under s t a t i c  sea-level conditions at  an 
engFne speed-of 8000 r p m  and 8 tail-pipe  gwtismperature of 1094O F. 

This engine, which is schemat€call+s. m i n  figure 2, has 
a 14-stage axial-flow compressor direct1y"c % upled to a two-stage 
turbine. An eight-blade,  counter-rotating, hyaraulically oper- 
ated propeller is driven by a gear train containing a hydraulic 
torquemeter. 

A i r  entering an annular inlet, located w e l l  back of the 
propeller, is turned through. 180° a@ flais f&&ixd through the 
compressor. Upon leaving the cmgmssor, the air is again turPea 
180° and flaws through 11 can-typ~-~sambustian chambers radially 
located around the compressor casfng. After burnix,  the  hot gases 
pass through the two-stage turbine and out  the fixed-area tail pipe. 

For the d s n a m f C  h l V 8 S t i g a t i m  .Kith Variable fU81 f l o w ,  fuel 
was supplied to the engine by an auxllfary fuel pump. A schematic 
diagram of the fuel syetem used is shown In figure 3. WQ fuel 
flawed from the pump through a throttling valve. t o   t he  fuel dis-  
trfbutor where the main stream m a  divided  into 11 par t s  and , 

distributed to each of the COmbUf3tion chambers.  Each combustion 
chamber contained a f u e l  vaporizer, which operated an a canpara- 
t ive ly  low fuel pkessure. The throttling valve was used t o  decrease 
the  fuel-distributor pressure at hi@ a l t i tudes  and yet naintain a 
hi& pump operating pressure. 

The fuel-plmp-outlet  pressure was detemined by  an external, 
variable control-oil  pressure and is linearly re la ted   to   th i s   p res -  
sure (reference 7) .  Thus, sinusofdal fuel presaures -re achieved 
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by impressing a sinusoldal  vaxiable  control-oil pressure on the pmp. 
An accumulator  introduced the predetermlned  baee control  oil  pressure, 
and an hydraulic sine-wave generator  consisting of a circular cam 
driving a piston  in an W r a u l i c  cylinder impose& a sinusoidal  pres- 2 
sure on the base pressure (fig. 3). Variable  frequency was obkhied 
by us- a Cmtinuouelg-v~iable-EFpee~ transmission.  Variable ampli- 
tudes were obtained by using a phase-changing mechaniem  and a flow- 
omt ro l  valve. A detailed  description of the pump and sine-ware 
generator is presented in reference 7. The time constant of the pump 
(at   the speed at which it was operated) is 0.03 second. 

m" 
0) 

Instrumentation 

Meaeurement of engine variables for dynamic tes t ing of the engine 
requires  fast-responding  instrumentation in order t o  obviate  the 
necessity of correcting  the  data for  dynamic errors introduced by 
the lzlEltmunents. Further, i n s t m e n t e  of' high sensi t ivi ty  are 
required to measure the mmll -changes in the engine .mriables dur- 
dynamic t e&hg.  The nature of these highly  sensitive, fsst- 
ref3ponding instruments is such that absolute  values of the variables 
measured mu& be obtained by calibrating  the dynamic instruments 
sgalnst  accurate but slower-respanding instrumsnts a t  eteady-state 
points for each given run. For these reasms two seta of instruments 
were used, one set  for  steady-state  operation and calibration pur- 
poses and the'other set for dynamic masurment8, with response timss 
that are  fast in comparison t o  tmt anticipated for the engine. 

Steady-state  inBtmentation. - For steady-state  operation, 
pressures of the working f luid were measured by water and mercury 
msnmeters and were photo@;r8phically recorded. Tempersturee were 
obtained by iron-canatantan and chrmel-alumel thermocouples and 
were reoorded by self-balancing  potentimptere. The location of 
the  various  instrumatation  statiana throughout the englne are shown 
i n  figure 2. The f 011- other engine variables were measured : 
Engine speed wae measured .by 8 stroboscopic  tachometer,  torque by a 
piston-type  torquameter  located in the gear train, torquemeter  pres- 
sure ,  fuel-distributor  pressure, and fuel-pump control-oil  pressure 
by Bourdon gages, -an3 f'uel flow by rotameters. 

Propeller  Bitch was determined by a pitch  indicator attaclsed, t o  
me of the blades of the rear propeller. The pitch fndicator con- 
sisted of an accurately wound s l ide  w i r e ,  rigidly  attached t o  the 
shank of the blade, the w i r e  b e h g  an element of a potentimeter 
cfrcuif. A spring-loaded  brush  8ttaChed t o  a f l q  on the  propeller,  
assembly rode on the   s l ide wire as the wire moved r e l a t ive   t o   t he  

. .. . 

m 

z 
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In order to determine  the dynamic characteristics of the 
propeller Etnd the engine-propeller combination,  sinusoidal varia- 
tions  at va;rioue, frequencies were applied  to  the  engine fuel flm, 
with  the engine operating  at press.m altitudes of 10,000, 20,000, 
and 30,000 feet,  with an engine-cowl-inlet  temperature of approxi- 
mately loo F and 8 tunnel Mach number of 0.24. 

The mean condftian f o r  the sinusoidal investigatian waa set at 
7600 rpm (the maximum oontinuous-cruising speed of the engine) m d  
a tail-pipe temperature of approximately 875O F (estimated  to be 
20° F below  the  compressor stall limit at  that  speed).  These  settings 
were made by  independently  adjusting both fuel flow and blade angle. 

At  the man condition f o r  the dynamic  investigation, the-blade- 
angle  controller was Locked and the sine-wave generator W&B brought 
into opemtion. The amplitude of the  input  fuel-flow sine wave was 
adjusted  to  appsoximately the stme incramnt as corresponded to a 
100 rpm change d u r i n g  steady-state  operation. Before t h e  dynamic 
records of several cycles were taken,  sufpi~rlent  time w a ~  allowed 
to elapse,  with  the engine running sinueoidally, to pemit any 
traneients in the sine wave to die .  out. The procedure was repeated 
for a number of frequencies between 0.2 and 6.0 radians per second. 
A series of frequency-response  rune  at  several  input  amplitudes 
was also mde at a pressure al t i tude of 20,000 feet. The dynamic 
instruments WBFB calibrated  at the beginning and the end of each 
series of frequency rune by recording  steady-state data at several 
operating  points  about  the mean operating  condition f o r  the sinu- 
soidal n m s  on both dynamic and steady-state  instruments. 

. 
I 

. " 

Steady-state  performance maps were  determined from canstant 
engine-speed and constant blade-angle runs at the three  altitudes. 

PWSEWCATION OF DATA 

In presenting the  results pf the applioatian of the einueoidal 
technique for the aetemlnatian of' dynamic  reeponses,  the  data m e  
eham in plots of amplitude  reepanse and phase angle as a function 
of the frequency and corrected frequency of the applied Inputs. 
For this particular investigation,  the  dgnamic reeponaes of engine 
speed to fuel flow and engfne speed to shaft torque, measured in 
the gear train between engine and propeller,  at  constant blade angle 
are considered. It has been shown that  these two responees give  the 
dynamic  characteristics of the engine-propeller comblnaticm and of 
the propeller alone. 
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The amplitude  response t o  a  sinusoidal  farclng  function is  
given as the magnitude of the change in a dependent quantity, 
designated  the output, divided by the comespading change in the 

ao ter i s t ic  depends on the re lat ive change of the  amplitude  response 
with  frequency,  the da ta  Ln this report have been nornaEtlized  by 
dividing the  amplitude  reeponse by its value at zero frequency, 
which brings the  response t o  unity at low frequencies. 

m forcing  function, deslgna;f;ed the input. Because the d p m l c  char- 

2 
m 

L 

In presenting dynamic-response data in th i s  report,  the enghe 
fuel flow has been aseumed t o  be l inear ly   re la ted t o  the m i a b l e  
control-oil  pressure of the fuel punp for mall amplitude  fluctua- 
t ions of the  variable  control-oil  presaure. A typical   re la t ian 
between changes in variable  cmtrol-oil  pressure and the  associated 
ohmges i n  engine fue l  flow is sham f igwe 5. The range of 
variable control-oil pressure shown is greater  than  those  chmges 
encountered d u r i n g  the sinusoidal inveetigatian. The linear re la t ion  
in the magnitudes is apparent. The corner f’requency of the pmp was 
more than f ive  tFmes the  highest  frequency impressed on the  engine 
(reference 7) and therefore  the dJmamfcs introduced bg the pump have 
negligible effect  on the amplitude response of the system but  s l igh t ly  
affect   the  phase response. 

3&accordance with  the MULXSIS, the dynamic responees of the 
englne, the propeller, and the  engine-propeller  cumbination are 
predicted frcm the  elopes of the  steady-state  speed-torque CUTV~B. 
Ekperimentally, the dynamic reepmses of the  propeller and the engine- 
propeller conibination are obtained fcom the  constant-blade-angle, 
slnueoidal  fuel-flow  investigation. By a procesa of synthesis,  the 
dynamic respanee of the engine alone is obtained frm the  resul ts  
of the COnEtan~-blade-angle dynamic inveatigation. The d m c  
responses obtained f’ram the sinusoidal fuel-flow in-vestigatim are 
canpared with those predicted f’rcan the slopes of the  steady-state 
performance carves. 

Steady-State  Characteristics 

Enaine. - The engine  steady-atate  characterfstics 8re  shown in 
figures 6 and 7 whereln  curpes of correuted torque-and corrected 
ta i l -pipe temperature,  reapectively, are plotted as Arnctiane of 
corrected engine fue l  flaw for constant  corrected  engine  speeds. 
Data were taken a t  simulated al t i tudea of 10,000, 20,000, and 
30,000 fee t  and a free-stream Mach nuniber of 0.24. 
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Pressure 
altitude 
(ft;) 

~ 

10,000 

20 J 000 

30,000 

(deg) tail-pipe engine 

7.4 

.36 7.4 

.35 7.5 

0.36 

These corrected time constants f o r  the propeller alone 
generalize within  the  accuracy of the  data, Tmplying good comela- 
ticn of the oorreckad dynanric responses of the propeller for the 
range of altitudes investigated. 

.E!ngine-propel,ler  combination. - The dynamic response of tha 
engin;-propeller cambination can be  computed f k o m  the combined 
elopes of the  torque-speed  curves  at  canstant blade angle and 
conetant fuel f low.  The sum of the two elopes and the"resu1tant 
corrected  time  canetsnts,  characterietic  af  the  dynamic reaponsos, 
at the three pressure altitude8 are given in t he  following table: 

20,000 I 10.7 I .99 

J0,OOO .99 10.7 

Aa would  be  expected,  because  the  dynamic respmses of both 
the engine and propezler very nearly generalized for the pressure 
altitudes  investigated,  thoee reeponses of the  ccmibination likewise 
generalized. 

C 
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Linearity  Investigation 

One of the assumpticas made Tn the AXALYSIS for   the dynamic 
response was tha t   the  engine, the  propeller, and the  engine- 
propeller cambhatian could be treated as linear system8 over a 

w. limited range of the variables. TKO of the  functions that deter- 
0) mine the dynamic response of the engine, the propeller, or the  
.-I ccanblnatim are the  slopes of the torque-speed curves (figs.  9 M 

and 10). These slopes do not change appreoiably  within a limited 
range of operating  cnnditions. The assumption of linearity is 
therefore  validated Fn the  steady state and the  possibi l i ty  of 
dynamic response l inear i ty  is  predicted. 

When the engine is passing frm m e  steady-state  condition  to 
another, huwever, o r  when it is operating in  some conditim other 
than  equilibrium, it l e  possible that certain dynamfc phenmena 
may be present that would introduce  nonlfnearities  into  the dynmlc 
response. In order to  invest3gate  the  poesibility of dpamic 
response  nonlinearity,  frequencpreeponse runs at three  different  
fuel-flow amplitudes at constant blade angle were made at a pres- 
sure a l t i tude  of 20,000- feet. The amplitude reapoxme of t he  
engine-propeller coIlibinatian for  theee runs is sham in figure 11. 
The cmve  represents  the  average of the data points. The data  
points shown are for constant-amplitude sinusofdal variations in 
f u e l  flow of 100, 180, esd 300 pounds per hour peak t o  peak. The 
dietribution of %he data polnte about this mean curve shows no 
consistent trend  with  increasing  input  amplitude up t o  300 pounds 
per  hour, which corresponds t o  a speed change a t  zero f’requenoy of 
500 rpm peak t o  peak and is approximately 20 percent of the engine 
operating speed range. Therefore, with-ln this range the engfne- 
propeller combination my  be omsidered free f r o m  any gross dynamic 
nonlinearity. 

Dynamic Characteristics 

Engine-propeller cambinstian. - The ANALYSIS shows that the 
dynamic response of the  engine-propeller cambination can be obtained 
from the constant-bladehangle,  variable-fuel-flow dynamic Fnveattga- 
tion. The results  pertlnent to the detemnlnatian of engine-propeller- 

phase response at  pressure  altitudes of 10,000, 20,000, and 
30,000 f e e t  a t  a base engine speed of 7600 r p m  and a tai l-pipe 
temperature of approximately 875O F a r e  ehm i n  figure 12. The 
amplitude  data  sham  for a pressure a l t i tude  of 20,000 feet are 
the  averages of the. data f’ram the  l inearity  investigation; phase-angle 

‘combinatim d p m i c s  are  s h m  in figure 12. The amplitude and the 

15 
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The experimentally determined dynamic response of the  propeller 
i a  shown In figures 14 and 15 a8 the amplitude and phase response of 
engine speed t o  shaft torque. Shown in fQme 14(a) are solid curves 
through the  data  points and, in e e w  of the APIALYSIS, dashed first- 
order  cmves that best f i t  the date, points. The solFd cmGs depar t  
f r o m  the  dished  curves as though %&ere were an additicmal lead , i n  the 
system. The phase response is in  agreement with  the  amplitude  data. 
The dynamics of the  propeller  are involved in tne response of the 
engine-propeller  canbination; because a gas-turbine  engine-alone 
has been shown t o  be  primarily a ffrst-order lag system (reference 3), 
izI can be analybicallg shown that  the  propeller must be a first-order 
lag to  obtain a first-order lag remonae  for  the combination. In the 
speed-torque relation for the  propeller  response  (fig.  14(a)), the 
speed data used is the same as that used t o  determine %he response 
of the  canbination;  therefore,  the must plausible  explanatim  for 
the  divergence of the  response  data from the first-order system was 
a lag in the measured torque that would nanifes't itself as a 'lead 
fn the  propeller aynamic response. 

&om the  foregoing  cowideratims,  the grimcry fee t -order  lag 
is considered t o  be due t o  the propeller;  the corner frequencies 
and corresponding  time  constants for the three a l t i tudes   a re  given 

Corrected 
time C r n S t E a n t  

0.41 

.35 

.35 

The data of f igure 14 are replotted  against  corrected f i e -  
quency in figure 15. These data have been treated in a manner 
similar to that used for the data of figure 14. The lag of the 
propeller dyaamics fo r   t he  three a l t l tudes  merge on the amplitude 
plot (fig.  =(a)) t o  form a single c o F c t e d  lag with a corrected 
corner frequency of 2.73 radians per second carresponding t o  a cor- 

8 rected  time  constant of 0.37 second.. 
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!lke dynamic responses obtained f r o m  the steadpatate  elopes 
and those given by the dynamic rum ar'e compared in the following 
table, wherein the comparison is placed on a quantitative basis by 
consideration of the time cca3tmts obtained from the steady-state 
curves &nd time cansfants of the primary first-order lags found 
from the dymmlc &: .. . . .  

This table shows.the following results:  increase i n  time 
constant with pressure altitude,  reductian of the time constants 
t o  a single value for a range of al t i tudes by means of the correc- 

computed from steady-state slope8 and %hose measured by the dylzamic 
Investigation. 

~ "" tion factor E/&, and good agreement between the tFme constants 

Analytically, the change in   the  dynamic response with altitude ia 
explained by 'equations (B8), ( B l Z ) ,  and (B15) by a reduction of the 
slopes of the torque-speed curves. Physically, the e l m r - a c t -  
sptem can be explained by the  decrease in  amilable torque a t  

8 
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a l t i tude  due t o  the reduction of a i r  density and a consequent reduc- 
tion in the change of torque f o r  a given change of engine speed. 
The polar moment of Inertia, being a function of the dimensions a& 
materials of t he   ro t a t ingpa r t s ,  remins constant. Cansequently, 
with a canstant moment of inertia and a reduced  increment in  the 
aerodynamic forces as altitude  increases, a slower-responding system 
results.  Quantitatively,  the t b e  constants have a range of 1:2 

0) over the range of pressure altitudes from 10,000 t o  30,000 feet. 

rl The effect of air pressure and temperature is ahawn by modify- 
m 
M 

the  time constant by the   f ac to r   t o  give 8 corrected tfme 

constant T - ' which the theory shows to be invariant w i t h  a l t i tude.  w 
The applicatian of t h i s   f ac to r  t o  the measured time constants bring8 
them i n t o  close agreement f o r  the altitudes investigated. This w e e -  
ment of the corrected t h e  constants is cansidered to be  within the 
accuracy of the data. 

The values of corrected time constants determined f r o m  tke 
dynamic inTeStigation and those  calculated frcan the steady-state 
d a t a  agree, as can be observed from the preceding table. The 
average value of the uorrected t h e  canstant determined fsam the 
dgnamic investigati-on for the engine-propeller cmtdnation is 
0.99 second, which is the same as that found by the steady-state- 
slope method, and the corrected  time  canstants  attributed t o  the 
propeller are 0.37 and 0.36 second, respectively. The data of t h i e  
report  bear out the theory that the dyaamic responses a t  a l t i tude  
can be predicted from sea-level-performance tes te .  

For a turbine-propeller engine, the  follarLng dynamic responses 
are  of major interest for control purposes: the engine alone, the 
propeller alone, and the engine-propeller cambination. 

E the moments  of Fnertia of the oomganents m e  known, the 
dgnaanic responses may be determined fram the  steady-state  character- 
i s t ice .  If the moments of inertis are not knm, the response of 
the components and the combination may b8 determined by synthesis 
f r o m  the steady-state performance characteristics and a single 
d-ic run auploging the technique  of.frequencpreapanae testing. 

The correcteCtFme  cmstant of the englne alone has  been 
computed frm the  dynamically  determined  time  constante for the 
propeller and the engine-propeller COmbFnatim by use of equa- 

available. These time ccmstants f o r  the engine alone are tabulated 
m t ion  (B29) f o r  the  three altitude8 for which dynamic data were 
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in the folluwing taWe along  with  the  corresponding  time  canetants 
as determined by the momenta of Inertia and the elopes of the 
torque-speed o m e 8 z  

Pressure 
altitude 
(ft) 

10,000 

20,000 

30,000 

Correchd time 

moments of synthesis 
canstant by constant by 

Corrected  tin;e 

b c )  inertia and . 
slopes 
(SeC) 

2.2 I 2.4 

The time  canatants for the engine alone determined by synthesis of 
the dynsmic  data  agree with those obtained by the steadpetate 
slopes within  the  accuracy of the  data. 

!The following reerults were obtained f i r 6 i . a ~  investigation of 
the dynamiu characteristics of a turbine-propeller engine In the 
NACA Lewis altitude wind tunnel. For the dpEuKLo phaee of the 
investigation,  the engine was subjected  to  8inusoidal.fuel flows 
at varylng fkequancy over a range of pressure  altitudes from 
10,000 to 30,000 feet. 

1. The  dynamic response of the engine-propeller combination 
was found to generalize for altitude mer the range of frequencies 
Investig8ted. The oorrected  time  canstant,  which  characterized  the 
primary f irst-order lag of the  combination had a vaiue of approxi- 
mately 1.0 second. The actual time constants were found to vary 
*am 1.4 seconds at 10,000 feet  to 3.1 seconds at 30,000 feet. 

2. The dyaamio response of the engine-propeller combination 
WBB found to be free from any gross dynamic ndinearitiee for a 
range of fuel-flar ch-es  corresponding  to engine-speed changes 
representing  approximately 20 peroant of the  engine-operating-speed 
range in the steady state. 
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3. The dyaamic response of the combinatim as found by the  
frequency-response runs yielded time canstants, that were in good 
agreement with  those computed f r o m  kh8 polar rnomenk of inertia 
and the slopes of‘ the  steady-state-performance  curves. From t h i s  
agreement, the dynamic response at  ang a l t i tude  could be predicted 
f r o m  ei ther  a dgnamic t e s t  or the steady-etate-perf‘omnance charac- 
teristics at a single al t i tude.  

4. The dynamic respahse a t t r ibu ted   to   the   p rope l le r  was found 
t o  generalize for presgure a l t i tude  and t o  be Fn good agrement 
with that computed f’rm the steady-state elopes. The corrected 
t lme constant of the propeller was found to be  approximately 
0.36 second. 

5. A single run yielded the dynamic responee of the engine- 
propeller canblnation and of the propeller alone. From these 
responses, the dynamic response of the engine alone was synthesized 

* and t he   cmec ted  time constant of 2.4 seconds was found t o  w e e  
with that deternined from the tarque-lspeed elopes. 

Lewis Fllght -Propulsion Laboratory, 

Cleveland, Ohio. 
National Advlsory Committee for Aeronautios, . 



22 NACA -RM E50324 

The following eymbols a r e  used in this report: 

I polar mamnt of-hertia  (referred to -e speed), 
slug-ft2 

m engine speed, rd/sec 

P . differential operator,  d/dt 

Q torque (referred to engine  speed), lb-f't 

t  time, 8ec 

W f  fue l  flow, lb/hr 

Wf, corr  corrected f u e l  flow, lb/hr 

B blade angle, de@; 

. A  incremental  change from steady s t a t e  

6 ambient  static  pressure 
correction factor, NACA standard sea-level pressure 

e temperature correction  factor, 
- ambient static  temperature 

FSACA standard sea-level temperature 

7 time constant,  eec . .  

w frequency,  rad/sec 

Subscripts: 

C engine-propeller conbination 

e 

P propeller 

t; 
(D 
CD 

0 

L 

.. 

S shaft 
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D m A T I O N  OF DYNMIC-KESPOmsE E W I O H S  

Q l -  . AND TlME CONmm 
M 
Q) 

rl The dynamic responses and the time constants are developed 
f'romthe  assumptions  presented in the  section "ANALYSIS". Three 
t O r Q u e S  must be COnBfdered in the derivation, (1) that developed 
by the engine i teelf ,  (2) that of the propeller, and (3) the shaft, 
or measured, torque. 

The engine torque is aesumed t o  be a function of fuel flow and 
speed; the  propeller  torque is assumed t o  be a  funct im of blade 
angle and speed. 

&p = & p ( B , N  0 2  1 

More explicitly,  equatians (Bl) a& (B2) when linearized f o r  
incremsntal  excursions  about a steady-state po in t  can be written 
88 

and 

where the subscripts an the partial   derivatives Indicate the canstsnt , 

factor,  and the signs are detemlned by the physical nature of the 
partial derivative. 

The difference between engine torque and shwft t o q u e  aocel-  
eratee the engine; therefore, 
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If m l y  incremental changes in engine and shaft torque are  considered 
equation (B5) may be  written a8 

Substi tution of equation (B1) fn equa%ion-(B4) yields 

A t  oanstant f u e l  flow, subs t i tu t ing  p f o r  Fn equation (337) 
(reference 4) and rearranging terms yield 

d 

Equation (B8) represents the dynamic respcmse of the engine alone. 
The time constant of the engine is gfven by 

The difference between shaft torque and propeller torque aocel- 
erates the  propeller. If the incremental changes in propeller and 
shast torque axe considered, this difference can be written as 

If equatiane (B4) and (B10) are combined, 
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which at constant blade -le can be reduced and rearranged t o  

m : " 

by again eubstitutlng p f o r  d/dt. Equation (B12) represents the 
dynamic response of the propeller;  the  time constant of the propeller 
is 

(BL3) 

Equations (B7) and (B11) are expressians f o r  shaft torque, which 
are equal if a l l  torques and speeds are referred t o  engLne speed by 
multiplication by  the proper functian of gear rat-io. Therefore, 

At comtaat blade angle, by subetituting p for d/dt and 
rearranging term I 

Equation (€315) represents the dynamic response of the engine- 
propeller combination, with a correspondkg time constant of 

25 
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XF in equatians (333) to (B16) corrected  values of torque (Q/6), 
speed ( N w  ) , and fuel flow (Wf/&) are used, the corrected 
dpamic respansea an8 time canstants will be: 

For the engine alone, 

For the propeller alone, 

and for the engine-propeller oomblnation, 
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The dynamic  characteristics of the engine, the propeller, oir 
t- combhatian be determSn0d from the d-0 r08pa80S Of the 
other two. As an example of this 6Yn-i;hesizhg process, the eares- 
sicm for the dynamic  characteristics of the engine are found from 
those of the progeller alone mfl the engine-propeller cabination. 

EQuations (B12). and (B15) can be written as 

Subtracting equation (B23) from (B24) 
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The right-hand side of equation (B25) is the negative reoiprooal of 
the enghe response (equation (B8) ) Therefore, equation (B26) 0871 
be writtan 88 

where 

and where T e  is the  synthesized time canstant of the engine. EI 
corrected form this time canstant beocenes 
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[ c )  Osolllograph 

Figure 4. - Conalded. -10.1 
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. 

Variable-control oil pressure 

Figure 5 ,  - Typioal relation between fuel flow and 
varlable-control oil pre auure. 

39 
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(a) Simulated altitude, 10,OOO feet. 

aorreated engine speeds. 
ttgure 6. - Varlat lon of aorreoted torque with aorrccted fuel flow at oonstant 

Y 

. 
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Correoted fue l  flow, lb/hr 

(b) Simulated alt i tude,  80,000 f ee t .  

oonstant  oorreoted  engine speeds, 
Figure 6. - Continued, Variation of oorreotad torque w i t h  oorrected fuel flow a t  

c 
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Corrected fuel flow, lb/hr 

(e) S h u h t o d  altitude, ~ ~ 0 , 0 0 0  f ee t .  

Figure  6. - Conoluded. Variation of  oorreoted torque w i t h  oorrectsd f u s l  flow a t  
oonstant oorreoted  engine speeds. 

m 

. .. . 
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. 
( a )  Simulated altitude, 10,OOO feet. 

(b) S i d a t e d   a l t i t u d e ,  2O.oo0 feet.  

. 
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Figure 8. - Varfation of corrected fuel flow with corrected engim? 
speed a t  constant corrected tail-pipe temperatures. 
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Figure 
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8 .  - Variation of' corrected torque w i t h  corrected engfne  speed 
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Figure 10, - Variation of corrected torque w i t h  oorrected engine spee 
a t  oonstant blade angles. 
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Figure 12. - Continued. Variation of dparnio response of engine-propeller oombi- 
nation, engine speed t o  fuel flow, with a l t i tude .  
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( C  LOCUS Diagram. 

Figure 12. - Concluded. Variation of dynamic response of engine-propeller 
combination,  engine speed t o  fue l   f l ow,  with al t i tude .  kP to 
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(b) Phase response. 

Figure 13. - Concluded. Dynamic response of engine-propeller 
combination as a funct ion of altitude-corrected frequenoy. 
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(b) Phase response. 

Figure 14 - Coneluded. Variation of dpamlo response of propeller, engine 
speed t o  shaft torque, w i t h  altitude. 
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Figure 15. - Concluded. Dynamia msponee of propeller, engine speed t o  a h a f t  torque, 91 
f’unctlon of alt i tude-comcted frequenoy. 
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